Constitutive activation of the canonical NF-κB pathway has been associated with a variety of human pathologies. However, molecular mechanisms through which canonical NF-κB affects hematopoiesis remain elusive. Here, we demonstrate that deregulated canonical NF-κB signals in hematopoietic stem cells (HSCs) cause a complete depletion of HSC pool, pancytopenia, bone marrow failure, and premature death. Constitutive activation of IKK2 in HSCs leads to impaired quiescence and loss of function. Gene set enrichment analysis (GSEA) identified an induction of "erythroid signature" in HSCs with augmented NF-κB activity. Mechanistic studies indicated a reduction of thrombopoietin (TPO)-mediated signals and its downstream target p57 in HSCs, due to reduced c-MpI expression in a cell-intrinsic manner. Molecular studies established Klf1 as a key suppressor of c-MpI in HSPCs with increased NF-κB. In essence, these studies identified a previously unknown mechanism through which exaggerated canonical NF-κB signals affect HSCs and cause pathophysiology.
INTRODUCTION
Hematopoietic stem cells (HSCs) have a unique capacity to self-renew and to differentiate into all cells of the hematopoietic system (Kondo et al., 2003) . In general, adult HSCs are considered slow cycling (Cheshier et al., 1999; Morrison and Weissman, 1994; Passegue et al., 2005; Yamazaki and Nakauchi, 2009) and are believed to undergo only ~18 divisions during their lifetime. Under steady-state conditions, HSCs exist in a dormant or quiescent state, and in response to external stimuli, they rapidly switch to an active or proliferative state (Trumpp et al., 2010; Wilson et al., 2008) . Dormant HSCs divide once every 145-193 days and activated HSCs divide once every 28-36 days (van der Wath et al., 2009; Wilson et al., 2008) .
Maintenance of quiescence has been believed to be integral to the functions of HSCs, since the capacity to reconstitute the hematopoietic system following serial transplantation was found to be contributed exclusively by quiescent HSCs (Foudi et al., 2009; Wilson et al., 2008; Wilson and Trumpp, 2006) . The decision of maintaining a quiescent state or an actively proliferating state of HSCs is governed by both cell-intrinsic and -extrinsic
RESULTS

Deregulated IKK2 Activation in HSCs Leads to Pancytopenia and Progressive Bone Marrow Failure
To investigate the role of the canonical NF-κB pathway in hematopoiesis, we made use of the R26Stop FL IKK2ca transgenic mice, which were generated and described earlier (Sasaki et al., 2006) . IKK2 containing serine to glutamate mutations (IKK2 CA ) is constitutively active and therefore results in augmented activation and nuclear translocation of the canonical NF-κB subunit p65 (Mercurio et al., 1997) . We crossed the IKK2 CA mice with transgenic mice that express Cre under the Vav1 promoter to obtain IKK2 CA/CA Vav Cre/+ (henceforth referred to as CA/CA) mice. The Vav1 promoter has been proven to be largely specific to the hematopoietic lineage; in particular, it has been expressed at all stages of hematopoiesis-from HSCs to terminally differentiated myeloid, erythroid, and lymphoid lineage cells (Almarza et al., 2004; de Boer et al., 2003) . Analysis of CA/CA mice indicated EGFP expression in the majority of the cells from bone marrow (BM), spleen, and thymus, but is absent in non-hematopoietic organs (brain, heart, lung, kidney, and liver) ( Figure  S1A ), suggesting that the constitutively active IKK2 is expressed exclusively in the cells of the hematopoietic system. As expected, EGFP expression was detected in almost all cells of the hematopoietic stem and progenitor cell (HSPC; lineage − Sca1 + c-Kit + [LSK] ) subsets, including long-term HSCs (LT-HSCs; CD150 + CD48 − LSK), short-term HSCs (ST-HSCs; CD34 + Flt3 − LSK), and multipotent progenitors (MPPs; CD34 + Flt3 + LSK) ( Figure S1B ). Gene expression studies confirmed that NF-κB activity was augmented in both total BM ( Figure 1A ) and HSCs ( Figure 1B ) of CA/CA mice. Even though the body size of CA/CA mice was comparable with control litter-mates at 2 weeks of age, they exhibited a significant growth retardation at 4 weeks of age ( Figure 1C ), and almost all CA/CA mice died within 5 weeks of age ( Figure 1D ). To investigate the cause of their death, we performed complete blood count (CBC) analysis, which indicated progressive pancytopenia ( Figure 1E ) in CA/CA mice. Consistent with the CBC data, CA/CA mice showed progressive atrophy of hematopoietic organs, such as BM, spleen, and thymus (Figures 1F and 1G) . These data indicated that constitutive activation of canonical NF-κB in HSCs results in progressive, fatal BM failure.
Uncontrolled NF-κB Activation Causes Premature Depletion of HSC Pool
To explore the cellular mechanisms that lead to progressive BM failure, we analyzed the HSPC compartment in the BM of CA/CA mice. HSPCs were almost absent in the BM of CA/CA mice at 4 weeks of age (Figures 2A and 2B) . Instead, the frequency of lineage − Sca1 + c-Kit low (LSK low ) cells was significantly increased in CA/CA BM (Figures 2A and 2B) . Of note, absolute numbers of LSK low cells were not increased in CA/CA mice ( Figure  2B ) due to a striking decrease in cellularity of the BM from CA/CA mice ( Figure 1H ). To find a direct correlation between pancytopenia and loss of HSC pool, we analyzed HSPCs from 2-week-old CA/CA mice, as white blood cell (WBC) counts and cellularity of hematopoietic organs were not decreased at that stage. While overall LSK cell numbers were not reduced, LT-HSCs were diminished (4.8% versus 0.03%), ST-HSCs were increased (34% versus 83%), and MPPs were significantly reduced (61% versus 7%) in the BM of 2-week-old CA/CA mice ( Figures 2C and 2D ). To independently validate our findings through an alternative and a more refined immunophenotyping scheme of HSPCs, we followed the surface staining strategy that was established earlier (Wilson et al., 2008) . Accordingly, the frequencies of HSC (CD34 − Flt3 − CD48 − CD150 + LSK cells) and multipotent progenitor 1 (MPP1; CD34 + Flt3 − CD48 − CD150 + LSK cells) were completely absent, multipotent progenitor 2 (MPP2; CD34 + Flt3 − CD48 + CD150 + LSK cells) and multipotent progenitor 3 (MPP3; CD34 + Flt3 − CD48 + CD150 − LSK cells) were remarkably increased, and multipotent progenitor 4 (MPP4; CD34 + Flt3 + CD48 + CD150 − LSK cells) were significantly decreased (Figures 2E and 2F) in the BM of 2-week-old CA/CA mice. Because HSCs were remarkably reduced in the BM of CA/CA mice as early as 2 weeks after birth, we focused on fetal hematopoiesis to assess whether HSC defects could be observed during fetal development. Even though overall HSPCs (LSK) and ST-HSCs were increased in CA/CA fetal liver (embryonic day [E]18), LT-HSCs were remarkably decreased during fetal hematopoiesis ( Figures 2G and 2H ). Of note, the total numbers of MPPs were not altered during fetal hematopoiesis ( Figures 2G and 2H) .
To study the impact of constitutive NF-κB activation in adult HSCs, we generated an inducible IKK2 F/F Mx1 cre/+ mouse model. IKK2 F/F Mx1 cre/+ and control mice 4 to 6 weeks old were injected with three doses of polyI:C (250 μg/mouse) every other day to induce constitutive activation of IKK2. After 3-4 weeks, Mx1 Cre-mediated recombination was confirmed based on GFP expression and genomic PCR in HSPCs and BM cells (data not shown). An analysis of the HSPC compartment of IKK2 F/F Mx1 cre/+ mice indicated increased numbers of LSK cells; highly reduced numbers of LT-HSC pool, MPP1, and MPP4; and increased numbers of MPP2 and MPP3 ( Figures 2I and 2J) . Thus, the data of IKK2 F/F Mx1 cre/+ mice corroborate the results obtained using CA/CA mice. Overall, these results provide evidence that constitutive activation of NF-κB depletes the HSC pool and affects selective differentiation of MPP subsets, which may be responsible for the progressive and fatal BM failure in CA/CA mice.
Constitutive Activation of NF-κB Affects HSC Functions and Quiescence
Even though immunophenotyping studies indicated a severe reduction of HSC pool in CA/CA mice, it remains possible that the functional HSCs are not affected in these mice. To evaluate the functions of HSCs, we performed BM transplantation (BMT) assays. We transplanted red blood cell (RBC)-depleted total BM from 2-week-old (because LSK cells are not decreased in CA/CA BM at this time point) CA/CA and control mice into lethally irradiated wild-type recipients. As shown in Figure 3A , all of the recipients that received BM from CA/CA mice died within 3 weeks of transplantation, indicating that CA/CA BM lacks functional HSCs. To overcome the lethal phenotype observed in CA/CA recipients and to provide favorable conditions in which CA/CA HSCs may contribute to donor hematopoiesis, in spite of their compromised functions, we performed mixed BM chimera experiments. Donor (CD45.2 + ) BM cells (either CA/CA or control) were mixed with wildtype BM (CD45.1 + ) cells in 1:1, 3:1, and 5:1 ratios and transplanted into lethally irradiated wild-type (CD45.1 + ) recipients. An analysis of recipients revealed an absence of CA/CAderived hematopoiesis as early as 4 weeks of transplantation, even at a (CA/CA: wild-type) ratio of 5:1 ( Figures 3B, S1C , and S1D). These data suggest that although LSK cells are not decreased in CA/CA mice at 2 weeks of age, the functional HSCs are almost absent in their BM. We performed similar BMT experiments using adult BM from polyI:C-injected IKK2 F/F Mx1 cre/+ mice, and the results of these studies were consistent with the data obtained from the BM of CA/CA mice ( Figure 3C Figure 3C , all of the recipients that received total BM of IKK2 F/F Mx1 cre/+ mice died within 30 days of transplantation ( Figure 3D ). Peripheral blood analysis of recipients that received total BM of IKK2 F/F Mx1 cre/+ mice indicated a severe reduction in donorderived hematopoiesis at 2 weeks after transplantation ( Figure 3E ). In keeping with these results, an analysis of recipients that received mixed BM revealed a striking reduction in IKK2 F/F Mx1 cre/+ (CD45.2 + )-derived hematopoiesis at 4 weeks of transplantation ( Figure  3F ). To unequivocally demonstrate that the hematopoietic phenotype of CA/CA mice was not caused by defective niche signals, we performed reciprocal BMT studies. Total BM cells from congenic (CD45.1 + ) WT mice were injected into lethally irradiated either control or IKK2 F/F Mx1 cre/+ mice, and 4 weeks after transplantation, recipients were injected with polyI:C to induce recombination. Nine of 10 IKK2 F/F Mx1 cre/+ recipients survived throughout the observed period of 75 days ( Figure 3G ), and an analysis of peripheral blood at 8 weeks of transplantation indicated comparable levels of donor-derived hematopoiesis in control and IKK2 F/F Mx1 cre/+ recipients ( Figure 3H ). These data strongly indicate that constitutive activation of IKK2 affects HSC functions in a cell-intrinsic manner.
To identify the cellular mechanisms leading to the loss of the HSC pool of CA/CA mice, first, we performed apoptosis studies. Our data indicated that apoptosis of either total BM cells or LSK cells was slightly increased in CA/CA mice when compared with control BM (Figures S2A and S2B ). Second, we analyzed the cell-cycle status of HSPCs, and the data revealed that the most quiescent G0 (Ki67 − and Hoechst − ) cells were decreased, whereas cells in G2/S phase were remarkably increased in both total LSK and Flt3 low LSK subsets in the BM of CA/CA mice ( Figures 3I and 3J ). Further analysis indicated an increase (2% in control versus 30% in CA/CA) of a highly proliferating fraction (Ki67 high ) of cells within the Flt3 low LSK compartment of CA/CA mice ( Figures 3K and 3L ). Because LT-HSCs were almost absent in CA/CA mice as early as 2 weeks of age, it was technically difficult to directly assess the proliferation status of LT-HSCs. To overcome this challenge, we performed BrdU labeling experiments with fetal liver (E18) HSCs, as we described earlier (Nakagawa et al., 2015) . While the proliferation of total LSK cells was slightly increased (71% in control versus 82% in CA/CA), the frequencies of proliferating LT-HSCs were greatly increased (38% in control and 57% in CA/CA) in the liver of CA/CA fetuses ( Figures 3M and 3N) . Overall, these data indicate that constitutive activation of IKK2 leads to the loss of HSC functions and quiescence.
Augmented NF-κB Activation Results in Loss of the Molecular Signature of HSCs NF-κκB has been shown to play an indispensable role in the secretion of pro-inflammatory cytokines by the effector cells of the immune system (Ghosh and Hayden, 2008; Karin, 2006; Vallabhapurapu and Karin, 2009) . We have previously shown that deregulated NF-κB signals (in A20 Hem-KO [knockout] mice) led to increased levels of pro-inflammatory cytokines, such as tumor necrosis factor α (TNFα), interleukin 1β (IL1β), IL6, and IFNγ in the BM and spleen, and that augmented IFNγ signaling was largely responsible for the loss of HSC pool and functions of A20 Hem-KO mice (Nakagawa et al., 2015) . Deregulated signaling mediated by both type 1 and type 2 INFs causes loss of quiescence and functions of HSC (Baldridge et al., 2010; de Bruin et al., 2014; Essers et al., 2009; King et al., 2011) . Based on these findings, we investigated the role of inflammatory signals on the HSC phenotype of CA/CA mice. Our gene expression studies identified an elevated expression of IL1β, IL6, TNFα, and IFNγ in the BM ( Figure 4A ) and spleen ( Figure 4B ) of CA/CA mice. Even though increased levels of IL1β, IL6, TNFα, and IFNγ were observed, we primarily focused on the role of IFNγ, because our previous studies on A20 Hem-KO mice revealed that blocking IFNγ signaling was sufficient to rescue the HSC phenotype (Nakagawa et al., 2015) . Hence, we crossed the CA mice with IFNγ −/− mice and our analysis revealed that, unlike in A20 Hem-KO mice, blocking IFNγ signals could not rescue the phenotype of CA mice (data not shown), suggesting that the HSC defects of CA/CA mice may be caused by some other mechanisms. To gain insights into molecular mechanisms through which NF-κB affects HSC quiescence and functions, we performed genome-wide transcriptional profiling assays using ST-HSCs (Flt3 low LSK cells), because LTHSCs were almost absent in IKK2 mutant mice. Our genome-wide transcriptional profiling assays revealed a differential expression (> or <1.5-fold, respectively) of 1,722 (661 upregulated and 1,061 downregulated) genes in CA/CA HSCs when compared with control HSCs (Table S1 ). To understand potential upstream regulators or pathways that may be associated with the constitutive activation of IKK2, we performed Gene Ontology (GO) analysis. The top 200 genes from the list of upregulated genes and bottom 200 genes from the list of downregulated genes in CA/CA HSCs were subjected to GO analysis. Results of this analysis indicated an upregulation of genes associated with diverse cellular processes such as glycerol transport, transmembrane transport, response to thyroid hormone and erythrocyte differentiation, and downregulation of genes associated with leukocyte migration, inflammatory response, myeloid cell differentiation, cell adhesion, and metabolic pathways (Table S2 ).
To identify specific gene sets that were deregulated in CA/CA HSCs, we performed gene set enrichment analysis (GSEA) and compared the gene expression profiles of CA/CA HSCs with previously reported stem cell-associated gene sets. First, we used "stemness"-related gene sets, which were commonly upregulated in HSCs, muscle stem cells (MuSCs), and hair follicle stem cells (HFSCs) (Cheung and Rando, 2013) , and this signature was significantly downregulated in CA/CA HSCs but was enriched in control HSCs ( Figure 4C ; Table S3 ). Second, we compared our data with the genes enriched in normal, steady-state BM HSCs from WT mice compared to MPPs, leukemic stem cells (LSCs), and mobilized HSCs (Forsberg et al., 2010) . As shown in Figure 4D and Table S3 , this HSC signature was highly enriched in control HSCs but downregulated in CA/CA HSCs. Third, we compared our data with the genes that were commonly upregulated in adult quiescent HSCs (versus fetal liver HSCs) and 0, 1, 10, and 30 days after 5-fluorouracil (5-FU) injection (versus 2, 3, and 6 days after 5-FU injection) (Venezia et al., 2004) . Again, this quiescence signature was downregulated in CA/CA HSCs ( Figure 4E ; Table S3 ). Fourth, we compared our microarray data with gene sets that were commonly downregulated in HSCs, MuSCs, and HFSCs (Cheung and Rando, 2013) and found that this lineage signature was enriched in CA/CA HSCs ( Figure 4F ; Table S3 ). Fifth, we compared our dataset with mobilized HSC signature genes, which were enriched in day +2 mobilized HSC by cyclophosphamide/GCSF compared to HSCs at steady state (Forsberg et al., 2010) . This mobilized HSC signature was enriched in CA/CA HSCs ( Figure 4G ; Table S3 ). Finally, we analyzed proliferative HSC genes, which were commonly upregulated in fetal liver HSCs (versus adult HSCs) and in HSCs on days 2, 3, and 6 after 5-FU injection (versus 0, 1, 10, and 30 days after 5-FU injection) (Venezia et al., 2004) . Again, this proliferative HSC signature was enriched in CA/CA HSCs ( Figure 4H ; Table S3 ). We also compared our microarray data with the previously available datasets that were enriched in cells undergoing increased apoptosis (Subramanian et al., 2005) . Consistent with our flow cytometry data, this apoptosis signature was not significantly enriched in CA/CA HSCs ( Figure S2C ), although Fas expression was slightly (1.37-fold to control) increased ( Figure S2D ). Together, our transcriptional profiling and in silico analyses further strengthened our findings that increased NF-κB signals perturb quiescence, favor the proliferation of HSCs, impair HSC stemness, and promote lineage differentiation.
Elevated NF-κB Signals Induce Erythroid Transcriptional Program in HSCs
To identify the lineage-specific molecular program that is induced by NF-κB in HSCs, we further expanded our GSEA studies and performed an in silico analysis by comparing the CA/CA HSC molecular signature with previously published molecular signatures of 38 distinct hematopoietic cell populations (Seita et al., 2012) . The list of analyzed subsets includes HSC; MPP; common myeloid progenitor (CMP); granulocyte monocyte progenitor (GMP); pre-megakaryocyte/erythrocyte progenitor (pMEP); MEP; pre-colony-forming uniterythroid (preCFU-E); megakaryocyte progenitor (MkP); common lymphoid progenitor (CLP); B-lymphoid progenitor (BLP); pre-pro B cell, B cell progenitor (fractions B-E); granulocytes and monocytes of BM; T cell progenitors (DN-DP) and CD4/CD8 T cell subsets of thymus; and B cell subsets and NK cells of spleen (Seita et al., 2012) . We first compared the expression profile of each hematopoietic subset listed above with the expression profile of HSCs (Seita et al., 2012) . Through this analysis, we identified the top 100 upregulated genes in each hematopoietic subset (compared to HSCs) and identified these gene sets as the typical molecular signature of each hematopoietic subset. Second, we compared each of these gene sets (from a total of 38 gene sets), with the molecular signatures of CA/CA and control HSCs that were obtained through our transcriptional profiling studies. Among the 38 populations analyzed, the molecular signatures of pMEP and MEP were (nominal p value <1%) enriched in CA/CA HSCs, but not in control HSCs (Figures 5A and 5B; Table S3 ). Alternatively, we generated gene sets that contained the bottom 100 genes (downregulated) in the pMEP and MEP subsets when compared with HSCs (Seita et al., 2012 ) and compared these gene sets with the expression data of CA/CA and control HSCs. Consistent with the previous results, these gene sets were remarkably enriched in control HSCs, but not in CA/CA HSCs ( Figures S3A and S3B ).
To further substantiate these results, we made a CA/CA signature gene set by selecting the top 100 upregulated genes in CA/CA HSCs when compared with control HSCs and compared this CA/CA signature gene set with previously reported expression profiles of HSCs, pMEPs, and MEPs (Seita et al., 2012) . Our GSEA revealed that the CA/CA signature significantly resembled pMEP ( Figure 5C ; Table S3 ) and MEP ( Figure 5D ; Table S3) signatures, but not the HSC signature. Similarly, we made a gene set that contained the bottom 100 (downregulated) genes in CA/CA HSCs when compared with WT HSCs, and this gene set was significantly enriched in HSCs (Figures S3C and S3D ).
To identify whether the constitutive activation of NF-κB induces the molecular signatures of both erythrocyte and megakaryocyte lineages, or of one of these two lineages in HSCs, we compared the molecular signatures of more committed progenitors of either erythroid lineage (pCFU-E) or megakaryocytic lineage (MkP) with the expression profile data of CA/CA and control HSCs. Our data indicated that the molecular signature of CA/CA HSCs resembles the pCFU-E signature ( Figure 5E ; Table S3 ), but not the MkP signature ( Figure  5F ; Table S3 ). The CA/CA signature was consistently enriched only in pCFU-E, but not in MkP ( Figure 5G ; Table S3 ). Reciprocally, the gene set that contained the bottom 100 (downregulated) genes of CA/CA HSCs was enriched in MkPs ( Figure S3E ). Because the CA/CA signature strongly resembled the signature of erythroid progenitors, we compared the CA/CA HSC signature with two independent erythroid lineage-related gene sets that are available in the public database. As expected, the erythrocyte differentiation signature (GO 30218) was significantly enriched in CA/CA HSCs ( Figure 5H ; Table S3 ) and the heme metabolism signature (Hallmark signature in GSEA) was also remarkably enriched in CA/CA HSCs ( Figure 5I ; Table S3 ). Figures 5L and 5M ). These data provide compelling evidence that the constitutive activation of NF-κB induces an erythroid differentiation program in HSCs.
Constitutive Activation of NF-κκB Affects the Expression of p57 and c-Mpl
Our transcriptional profiling and bioinformatics studies suggested that CA/CA HSCs lack the stemness signature and acquire an erythroid lineage signature. While this may partially explain the HSC phenotype of CA/CA mice, the mechanisms that are responsible for perturbed quiescence and functions of CA/CA HSCs needed to be identified. Thus, we focused on identifying specific molecular pathways that are deregulated in CA/CA HSCs.
Among others, we focused on cell-cycle regulators, including cyclin-dependent kinases (CDKs) and CDK inhibitors (CDKIs), because defective functions of CDKs and CDKIs have been associated with defective HSC quiescence (Orford and Scadden, 2008; Pietras et al., 2011) . Our bioinformatics studies identified Cdkn1c (p57) as the most affected (downregulated >2-fold) CDKI, even though modest changes in the expression of other cellcycle regulators such as Cdk6, Ccnh, Ccnd3, Cdk5r1, and Cdkn2d were observed in CA/CA HSCs ( Figure S4A ). Real-time PCR studies documented a more severe reduction (~10-fold) of p57 in Flt3 − LSK of CA/CA mice ( Figure 6A ). p57 has been shown to be critical for the maintenance of quiescence in HSCs (Matsumoto et al., 2011; Tesio and Trumpp, 2011; Zou et al., 2011) . Previous studies demonstrated that TPO/c-Mpl signaling pathways are essential for the expression of p57 in LT-HSCs (Qian et al., 2007; Yoshihara et al., 2007) . To assess whether TPO signaling is intact in CA/CA HSCs, we stimulated cells with TPO and measured the phosphorylation levels of signal transducer and activator of transcription 5 (STAT5) through phosflow studies, because STAT5 is a key downstream target of TPO in HSCs (Kato et al., 2005) . Our analysis indicated a significant decrease in the levels of phosphorylated STAT5 in CA/CA HSCs ( Figure 6B ). Of note, responses to either IL3 or SCF were not diminished in IKK2 mutant HSCs ( Figure S4B ). Based on our findings that CA/CA HSCs show reduced responses to TPO, we hypothesized that the expression of cMpl is reduced in CA/CA HSCs. To validate this, we quantified the surface expression levels of c-Mpl by flow cytometry. Consistent with our hypothesis, c-Mpl levels were reduced in both Flt3 −/low LSK and Flt3 +/high LSK fractions of CA/CA mice ( Figures 6C and 6D ). To assess whether the reduced surface expression of c-Mpl is due to diminished transcription, we explored our microarray data and performed real-time PCR experiments. The data of both microarray ( Figure S4C ) and real-time PCR indicated a remarkable decrease of c-Mpl mRNA in CA/CA Flt3 −/low LSK cells ( Figure 6E ). To corroborate these findings and to test whether the constitutive activation of IKK2 results in reduced c-Mpl levels in adult HSCs, we analyzed the HSPCs of IKK2 F/F Mx1 cre/+ mice, following polyI:C injections. Consistent with the IKK2 F/F Vav cre/+ model, the constitutive activation of IKK2 resulted in reduced surface expression of c-Mpl in LSK cells of IKK2 F/F Mx1 cre/+ mice ( Figure 6F ). Further characterization of LSK cells indicated reduced c-Mpl levels in both Flt3 −/low LSK ( Figure  6G ) and Flt3 +/high LSK ( Figure 6H ), even though the expression levels were more reduced in the Flt3 −/low LSK fraction of IKK2 F/F Mx1 cre/+ mice. To further strengthen these results, we analyzed the HSPCs of A20 F/F Vav cre/+ mice that we generated and published earlier (Nakagawa et al., 2015) . Of note, A20 deficiency leads to increased NF-κB activity in HSCs (Nakagawa et al., 2015) , similar to CA/CA mice. Analysis of LSK cells from A20 F/F Vav cre/+ mice indicated a significant reduction in surface c-Mpl levels in LSK cells ( Figure 6I ). These results strongly indicate that the downregulation of c-Mpl is caused by constitutively activated IKK2 in a cell-intrinsic manner.
Klf1 Directly Suppresses c-Mpl Expression in IKK2 Mutant Hematopoietic Cells
To explore the mechanism through which c-Mpl is repressed and erythroid lineage transcription program is activated in CA/CA HSCs, we focused on upregulated transcription factors (TFs) (GO 0044212) in CA/CA HSCs. Among the differentially expressed TFs, Krüppel-like factor 1 (Klf1) (fold change 8.3) and Gata1 (fold change 2.7) were the two most highly upregulated TFs in CA/CA HSCs ( Figure S5A ). We confirmed these microarray Nakagawa and Rathinam Page 10
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data independently through real-time PCR assays ( Figures 1D and 7A ). It has been unequivocally proven that Gata1 is an essential TF for erythrocyte differentiation and expressed at very low levels, and that Gata2 is expressed at higher levels in HSCs (Bresnick et al., 2010; Suzuki et al., 2013; Takai et al., 2013) . However, our analysis indicated a significant downregulation of Gata2 ( Figure 7B ) and upregulation of Gata1 ( Figure 7A ) in CA/CA HSCs.
Another observation that emerged from our gene expression studies was the upregulation of Klf1 in CA/CA HSCs. Klf1 is a crucial TF for erythroid cell differentiation and is usually not expressed in HSPCs. Klf1 +/high cells will differentiate into the erythroid lineage, while Klf1 −/low cells will differentiate into megakaryocytic lineage cells ( Figure S5B ) (Starck et al., 2003) . In contrast to Klf1, Gata1 is highly expressed in both erythroid and megakaryocyte lineage cells ( Figure S5B ) (Starck et al., 2003) .
Because c-Mpl is expressed in HSCs and megakaryocyte lineage cells but absent in erythrocytes, and Klf1 is absent in in HSCs and megakaryocyte lineage cells but highly expressed in erythrocytes, we hypothesized that Klf1 directly suppresses the expression of cMpl. To validate our hypothesis, we performed an in silico analysis to compare the expression levels of c-Mpl and Klf1 in distinct hematopoietic progenitors during differentiation of erythrocytes/megakaryocytes from HSCs, using previously published microarray data (GEO: GSE34723) (Seita et al., 2012) . As shown in Figures 7C and 7D , a striking inverse correlation was found between the expression levels of c-Mpl and Klf1 (p = 0.0077), especially in HSCs. However, there was no significant correlation between Gata1 and c-Mpl expression during erythroid/megakaryocytic differentiation ( Figures S5C and  S5D ). Next, we assessed whether Klf1 acts as a transcriptional repressor of c-Mpl. To this end, we performed bioinformatics studies to identify Klf1 binding sites in the c-Mpl promoter. We found three possible Klf1 binding sites in the mouse c-Mpl promoter region (−246 to −239, −232 to −236, and −150 to −146, from the transcription start site) and designed primers flanking this region ( Figures 7E and S5E ). Through chromatin immunoprecipitation (ChIP) assays, we found that Klf1 was bound to the c-Mpl promoter region and that the binding was greater in either total BM cells or purified Lin − progenitor cells of CA/CA mice than in WT hematopoietic cells ( Figure 7F ). To strengthen our findings and to prove that the binding of Klf1 to the c-Mpl promoter results in the suppression of cMpl, we performed luciferase studies. We cloned the mouse c-Mpl promoter region (−496 to 19) with the Klf1 binding sites into a promoterless luciferase-expressing vector and performed the reporter assay. Consistent with our hypothesis, the presence of Klf1 significantly suppressed c-Mpl promoter activity ( Figure 7G ). Finally, to directly demonstrate the impact of Klf1 overexpression on c-Mpl expression in HSPCs, we performed retroviral transduction studies. We transduced WT HSPCs (LSK cells) with retroviruses encoding for either Klf1-internal ribosome entry site (IRES)-EGFP or control IRES-EGFP. As expected, overexpression of Klf1 resulted in the reduced expression of cMpl in HSPCs ( Figure 7H ). These data indicate that Klf1 is a direct repressor of c-Mpl in HSPCs. Nakagawa and Rathinam Page 11 Cell Rep. Author manuscript; available in PMC 2020 January 07.
DISCUSSION
In the present study, we describe the consequences of increased NF-κB signals on the maintenance of HSCs. IKK2 CA/CA mice show reduced survival due to pancytopenia and BM failure as early as 4 weeks of age. Augmented NF-κB in HSCs causes a reduction in the LT-HSC pool, relative accumulation of the ST-HSC pool, and loss of Flt3 + MPPs. The BM of IKK2 CA mice completely lack the c-Kit + fraction that contains all of the HSPC subsets as early as 4 weeks of age. Of note, the reduction of the LT-HSC pool has been observed in the fetal livers of 18-day-old (E18) embryos. BMT studies confirmed the absence of functional HSCs in the BM of IKK2 CA/CA mice. Consistent with the premature depletion of the HSC pool, IKK2 CA/CA HSCs exhibit a hyperproliferative phenotype and have compromised quiescence. Molecular analyses suggested that constitutive IKK2 signals induce an erythroid lineage-specific transcriptional program in HSCs. Among other genes that were differentially expressed in IKK2 CA/CA HSCs, the upregulation of Klf1 and Gata1 was very surprising, because they are believed to be erythroid lineage-restricted TFs (Siatecka and Bieker, 2011) . Of note, Klf1 was the most highly expressed TF in IKK2 CA/CA HSCs. Another observation was that constitutive IKK2 signals caused a downregulation of Gata2 and an upregulation of Gata1 in HSCs. This inverse correlation between Gata2 and Gata1, possibly through the Gata switch , seems to be critical for the induction of erythroid differentiation pathways in HSPCs (Bresnick et al., 2010) . Earlier studies have unequivocally demonstrated that Gata factors are essential for hematopoiesis; however, they need to be tightly controlled in HSPCs. In general, Gata2 is expressed in HSPCs and Gata1 is suppressed in HSPCs through Gata2-dependent mechanisms (Philipsen, 2013; Takai et al., 2013) . The enforced expression of Gata1 in HSCs leads to the loss of self-renewal capacity (Ferreira et al., 2007) . Thus, the genetic changes observed in IKK2 CA/CA HSCs can be explained at least in part by the deregulated control of Gata1 and Gata2 expression. NF-κB has been shown to directly regulate the expression of Gata family members (Corn et al., 2005) , and our in silico analysis identified the presence of putative NF-κB binding sites in the regulatory regions of Gata1. Based on these studies, it can be postulated that the constitutive activation of NF-κB results in augmented binding to Gata1 and activates its expression in IKK2 CA/CA HSCs.
One of the direct and immediate downstream targets of Gata1 is Klf1 (Crossley et al., 1994) .
Klf1 expression and activity are tightly controlled in a temporal and differentiation stagespecific manner (Yien and Bieker, 2013) . Klf1 plays a role in facilitating and/or stabilizing Gata1 occupancy in the erythroid genes, contributing to the generation of active chromatin structures such as histone acetylation and chromatin looping (Kang et al., 2015) . Gata1, stem cell leukemia (SCL), and Klf1 form an erythroid core transcriptional network by cooccupying >300 genes (Wontakal et al., 2012) . The present study documented a defective regulatory circuit of Klf1 and identified a key functional consequence of elevated Klf1 expression in HSCs. In particular, our data identified a previously unappreciated role for Klf1 in the suppression of TPO signals and of c-Mpl expression in IKK2 CA/CA HSPCs.
Signals mediated by TPO and its receptor c-Mpl are vital for the maintenance and quiescence of HSCs in the BM niche (Qian et al., 2007; Yoshihara et al., 2007) and for the establishment of definitive hematopoiesis (Petit-Cocault et al., 2007) . Loss of TPO signaling has been associated with BM failure (de Graaf and Metcalf, 2011) .
Earlier studies demonstrated a dominant role for non-canonical NF-κB signals in both the intrinsic and extrinsic control of hematopoiesis (González-Murillo et al., 2015; Weih et al., 1995; Xiu et al., 2017; Zhao et al., 2012) . While these studies underlined the importance of non-canonical NF-κB signaling, functions of the canonical arm of the NF-κB pathway need to be identified. Especially in light of the fact that canonical and non-canonical pathways of NF-κB are completely different and are activated by distinct upstream stimuli, governed by different components, and involved in the activation of specific transcriptional targets, conclusions and findings obtained from the studies involving non-canonical NF-κB pathway may not be attributed to the roles of canonical NF-κB signals, particularly in HSCs.
Moreover, the precise downstream molecular consequences of increased NF-κB signals (both canonical and non-canonical) in HSCs have not been identified to date. A combined loss of p65 and c-Rel, key subunits of the canonical NF-κB pathway, resulted in severe hematopoietic defects, including failure to promote the survival of myeloablated mice, reduction of spleen CFU progenitors, impaired erythropoiesis, and deregulated expansion of granulocytes (Grossmann et al., 1999) . However, loss of p65 in HSCs resulted in altered hematopoiesis, including increased numbers of HSPCs, increased cycling of HSPCs, decreased frequencies of lineage-committed progenitors, augmented extramedullary hematopoiesis, impaired reconstitution abilities of HSPCs, upregulation of lineage-restricted genes, and downregulation of genes involved in HSC maintenance and homeostasis (Stein and Baldwin, 2013) . Based on these studies, it can be speculated that canonical NF-κB signals positively regulate HSC maintenance and functions. However, the data of our studies suggest that constitutive activation of canonical NF-κB signals lead to a more severe HSC phenotype than the HSC phenotype due to the loss of functions of NF-κB. It is also surprising to observe some interesting parallels between the loss of functions and gain of functions of NF-κB in HSCs, as both conditions lead to (1) impaired HSC quiescence, (2) reduced HSC repopulation capacities, (3) increased lineage signature, and (4) reduced HSC signature. A more detailed study is needed to understand the common and distinct molecular mechanisms that are used by HSCs under conditions that lead to either loss or gain of NF-κB signals.
In essence, the phenotype of IKK2 CA/CA mice may be explained by a combination of deregulated expression of erythroid-specific TFs leading to the induction of an erythroidspecific transcription program; reduced HSC quiescence due to diminished TPO signals caused by the suppression of c-Mpl by Klf1; and elevated expression of inflammatory cytokines, possibly due to increased NF-κB binding to their regulatory regions. Even though our mechanistic studies provide possible explanations of how constitutively active IKK2 signals may affect the physiology of HSCs, at least in part, we believe that additional mechanisms may be involved in the phenotype of IKK2 CA/CA mice. In particular, there is a possibility that some of the upregulated targets in IKK2 CA/CA HSCs may be directly regulated by NF-κB and that IKK2 may be activating pathways that are outside the realm of NF-κB. More detailed investigations addressing all of these aspects should be carried out in the near future. Nevertheless, the present study establishes a compelling model through which exaggerated NF-κB activity affects the HSC pool and contributes to pathophysiology.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice-R26Stop FL ikk2ca (B6(Cg)-Gt(ROSA)26Sortm4(Ikbkb)Rsky/J) mice, Vav-iCre (B6.Cg-Commd10 Tg(Vav1-icre,A2Kio /J) mice, IFNγ −/− mice and Mx-Cre (B6.Cg-Tg(Mx1-cre)1Cgn/J) mice were purchased from the Jackson Laboratory. A20 HemKO (Tnfaip3 flox/flox mice crossed with Vav-iCre mice) mice were previously described (Nakagawa et al., 2015) . Flt3 Cre/+ mice were generated and reported earlier (Benz et al., 2008; Boyer et al., 2011) CD45.1 congenic animals were purchased from the National Cancer Institute. The Institutional Animal Care and Use Committee of Columbia University and University of Maryland School of Medicine approved all mouse experiments.
METHOD DETAILS
Cell preparation-CA/CA mice were analyzed at 14 d after birth (P14), unless otherwise specified. RBCs were lysed with ammonium chloride (STEMCELL Technologies). Trypan blue (Amresco)-negative cells were counted as live cells. All of the data represent means ± SEMs. Two-tailed Student's t tests were used to assess statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All of the data represent means ± SEMs. Two-tailed Student's t tests were used to assess statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001, ns, not significant). All of the data represent means ± SEMs. Two-tailed Student's t tests were used to assess statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All of the data represent means ± SEMs. Two-tailed Student's t tests were used to assess statistical significance (*p < 0.05, **p < 0.01, ****p < 0.0001).
